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The formation of a sh  d e p o s i t s  w i th in  p.f .  coa l - f i red  b o i l e r s  may cause  severe  re- 
duct ion  i n  heat t r a n s f e r  and thermal e f f i c i ency .  These depos i t s  vary i n  na ture  from 
f r i a b l e ,  s l i g h t l y  s i n t e r e d  fou l ing  t o  dense,  semi-vitreous s l ags .  U t i l i t y  b o i l e r  
des igners  and ope ra to r s  use a v a r i e t y  of methods (9) t o  a s c e r t a i n  var ious  design 
c r i t e r i a  or the  l i ke l ihood  of t h e  a s h  t o  form depos i t s  ( i t s  s lagging  o r  fou l ing  
propens i ty) .  The major technique  used is  t h e  s tandard  ash  fus ion  t e s t  (2) i n  which 
a cone or pyramid of c o a l  a sh  is heated a t  a given r a t e ,  both i n  a i r  and a mildly 
reducing atmosphere, whi le  t h e  temperatures a t  which va r ious  degrees  of deformation 
occur a r e  recorded. Th i s  method is  known t o  g ive  inaccura t e  ind ica t ions  of slagging 
propensity due mainly t o  t h e  s u b j e c t i v e  na ture  of t h e  test and t h e  f a c t  t h a t  t h e  
technique does no t  d u p l i c a t e  t h e  thermal h i s t o r y  experienced by c o a l  mat te r  i n  a 
p . f .  bo i l e r .  

Various l abora to ry  s t u d i e s ,  (5,6) have shown t h a t  s i g n i f i c a n t  fu s ion  of c o a l  
minera l  matter,  t h e  precursor  t o  a sh ,  occurs wi th in  a very  sho r t  time-frame a t  
temperatures analagous t o  those  i n  t h e  combustion zone of a b o i l e r  (about 1550-1650°C). 
This is confirmed by microscopica l  s t u d i e s  of p . f .  f l y  ash.  Despite t o t a l  f l i g h t  times 
of about 2s (6) and a tempera ture  g rad ien t  ranging from 165OOC t o  about 300°C t h e  
c h a r a c t e r i s t i c  na tu re  of f l y  ash ,  t h a t  of hollow cenospheres is due t o  t h e  presence of 
s i g n i f i c a n t  l i q u i d  phase a t  some s t a g e  of t he  p a r t i c l e s '  h i s t o r i e s .  This i s  f u r t h e r  
confirmed by minera logica l  s t u d i e s  of t h e  p a r t i c l e s  which sometimes r evea l s  the  
presence of a r e f r a c t o r y  phase which had c r y s t a l l i s e d  from a l i q u i d  and was not t h e  
product of thermal decomposition of an ind iv idua l  c o a l  minera l  ( 4 , 6 ) .  Raask has  
shown t h a t  the growth of d e p o s i t s  is by i n i t i a l  adhesion of f l y  ash  p a r t i c l e s  t o  the  
su r face  of depos i t s  a l r eady  p resen t .  This  adhesion is due t o  t h e  l i qu id  phase present  
and t h e  r a t e  of a s s i m i l a t i o n  of t he  captured p a r t i c l e  w i l l  be by s i n t e r i n g  by v iscous  
flow. From t h e  theory of s i n t e r i n g  (6) t he  r a t e  of i nc rease  i n  s t r e n g t h  (s) i . e .  
growth, of t he  depos i t  is given by: 

Where y is the  su r face  t ens ion  c o e f f i c i e n t  of t h e  v iscous  phase, k a cons tan t ,  r 
the  i n i t i a l  r ad ius  of t h e  p a r t i c l e s  and q t he  v i s c o s i t y  of t he  l i qu id .  It can be seen 
t h a t  t h e  nature of a d e p o s i t  can  be described by t h e  degree of s i n t e r i n g  which has 
taken place. 
r e spec t  t o  the  v a r i a b i l i t y  of t h e  v i s c o s i t y .  Therefore  t h e  f a c t o r s  which a fEec t  t he  
rheologica l  behaviour w i l l  determine t o  a g rea t  ex ten t  t h e  r a t e  of growth by v iscous  
flow. 
composition. Lauf has observed t h a t  t he  amount of f l y  a sh  p a r t i c l e s  co l l ec t ed  a t  t he  
o u t l e t  of var ious  b o i l e r s  was inve r se ly  propor t iona l  to t h e  ca l cu la t ed  v i s c o s i t y  
( tak ing  account of t he  d i f f e r e n t  a sh  conten ts  between the  parent c o a l s ) .  ( 4 )  The 
v i s c o s i t y  was ca l cu la t ed  by two methods based on t h e  chemical composition; those  of 
Watt and Fereday and Reid.  (7,8) The observa t ions  confirm the  v i s c o s i t y  r e l a t i o n  
above, a l b e i t  q u a l i t a t i v e l y  and the  assumption of complete mel t ing  of t h e  coa l  minera l  
mat te r .  
t i o n  of ash P a r t i c l e s  and/or  t h e  depos i t s  a l ready  present .  With d e v i t r i f i c a t i o n  of a 
phase from homogeneous m e l t  the  composition of t he  l i q u i d  phase w i l l  change depending 
on t h e  P rec ip i t a t ing  Phase and t h e  degree of c r y s t a l l i s a t i o n .  
d i r e c t l y  a f f e c t  t h e  v i s c o s i t y  and hence the  r a t e  of growth of t h e  depos i t s .  

For a g iven  c o a l  a s h  t h e  parameters r and y a r e  e f f e c t i v e l y  cons tan t  with 

For homogeneous melts t h e  determining f a c t o r s  a r e  temperature and chemical 

A f a c t o r  which has  not rece ived  a t t e n t i o n  i n  t h e  l i t e r a t u r e  i s  t h e  c r y s t a l l i s a -  

This  i n  t u r n  w i l l  
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subjected t o  a series of c r y s t a l l i s a t i o n  t rea tments  w i t h i n  t h e  reducing atmosphere. 
The quenched samples were analysed f o r  phases present  by X-ray d i f f r a c t i o n  and for 
t h e  r a t i o  of f e r r o u s  t o  f e r r i c  i r o n  by a w e t  chemical technique. 

The major observa t ion  of t h e  c r y s t a l l i s a t i o n  s tudy  of t h e  a s h  m e l t s  was t h a t  t h e  
phase or phases which were p r e c i p i t a t e d  contained only  t h e  predominant components, 
t h e  minor components remaining i n  t h e  l i q u i d  phase. Another observa t ion  was t h e  re- 
luc tance  of t h e  mel t  t o  crystall ise t o  t h e  expected number of phases; 
(CaO.Al203.2SiO2) w a s  determined t o  c r y s t a l l i s e  f o r  t h e  two western t y p e  a s h e s  and 
m u l l i t e  (3A1203.2Si02) a s  t h e  primary phase w i t h  a secondary phase of i r o n  s p i n e l ;  
a member of t h e  s o l i d  s o l u t i o n  s e r i e s  magnet i te  (Fe0.Fe203) - h e r c y n i t e  (Fe0.A1203), 
only f o r  the  e a s t e r n  type ash.  

o n l y  a n o r t h i t e  

The c r y s t a l l i s a t i o n  of t h e  t e r n a r y  compositions is d iscussed  w i t h  r e s p e c t  t o  
t h a t  predicted f o r  each from t h e  phase diagram f o r  t h e  system. The normalized 
t e r n a r y  compositions of t h e  two western type ashes  were p l o t t e d  on t h e  phase diagram 
and t h e  observed c r y s t a l l i s a t i o n  compared wi th  t h a t  p red ic ted  from t h e  diagram and 
t h e  behaviour of t h e  model compositions.  The system was found not  t o  be  a b l e  t o  
c o r r e c t l y  p r e d i c t  t h e  primary c r y s t a l l i n e  phase f o r  one of t h e  two a s h e s  but  could 
account f o r  t h e  c r y s t a l l i s a t i o n  of a n o r t h i t e  on ly  f o r  t h e  o ther  ash .  

As quaternary systems are q u i t e  complex both t h e  r e p r e s e n t a t i o n  and c r y s t a l l i -  
s a t i o n  of compositions are discussed  i n  the  p r e s e n t a t i o n .  Planes of c o n s t a n t  MgO 
content  was used a s  t h e  method of r e p r e s e n t a t i o n  of t h e  CaO-MgO-Al203-SiO2, with 
p lanes  a t  5, 10 and 1 5  wtX prepared from l i t e r a t u r e  sources  and r e s u l t s  of t h i s  
s tudy  (3).  The observed c r y s t a l l i s a t i o n  of t h e  g l a s s e s  s tud ied  i s  d iscussed  i n  terms 
of t h e  equilibrium system, a s t r i k i n g  observa t ion  being t h e  apparent low s o l u b i l i t y  
of magnesia i n  t h e  compositions s t u d i e d ;  a magnesia bear ing  phase p r e c i p i t a t i n g  f o r  
n e a r l y  a l l  the  g l a s s e s  a s  primary or secondary phase. The corresponding normalised 
composition of t h e  western type a s h e s  were p l o t t e d  on t h e  5% plane  and t h e  observed 
behaviour compared wi th  t h e  pred ic ted  c r y s t a l l i s a t i o n  behaviour. A s  w i t h  t h e  
t e r n a r y  system t h e  four-component system only c o r r e c t l y  pred ic ted  t h e  primary 
c r y s t a l l i n e  phase f o r  one of t h e  ashes .  Also t h e  system would p r e d i c t  t h a t  a 
secondary phase conta in ing  magnesia would be expected t o  c r y s t a l l i s e ;  behaviour which 
was not  observed. 

The true r e p r e s e n t a t i o n  of t h e  system CaO-Al203-SiO2-iron oxide  is a s  a quinary 
system which is t o o  complex f o r  normal a n a l y s i s .  The r e s u l t s  of t h e  f e r r o u s  t o  
f e r r i c  r a t i o  of t h e  quenched samples showed s i g n i f i c a n t  amount of f e r r i c  i r o n  present .  
For tuna te ly  a n a l y s i s  of t h e  c r y s t a l l i n e  phases shows t h a t  predominantly t h e  f e r r o u s  
i r o n  is taken up by t h e  i r o n  bear ing  phase ( t h e r e  was some evidence of s o l i d  s o l u t i o n  
of f e r r i c  i ron  i n  t h e  i r o n  s p i n e l  phase) and t h e r e f o r e  t h e  system could be approx- 
imated by the  qua ternary  System Ca0-Fe0-A1203-Si02. 
(5-30 w t %  a t  5% increments) have been prepared from l i t e r a t u r e  sources  and t h e  re- 
s u l t s  of the  c r y s t a l l i s a t i o n  s t u d i e s  of t h e  g l a s s e s  a r e  discussed i n  terms of t h e  
system. Unlike t h e  quaternary system above t h e  i r o n  oxide remains i n  s o l u t i o n  com- 
pared wi th  magnesia. This would be pred ic ted  from t h e  p lanes  of t h e  system and was 
observed i n  t h e  c r y s t a l l i s a t i o n  s t u d i e s ;  no primary phase conta in ing  i r o n  oxide was 
determined even f o r  t h e  g l a s s e s  conta in ing  20 w t %  equiva len t  FeO. 
ing  normalised composition of t h e  t h r e e  a s h e s  ( i r o n  oxide expressed as equiva len t  
FeO) was p lo t ted  on t h e  r e l e v a n t  p lane  of t h e  system and t h e  observed behaviour 
compared with t h a t  p red ic ted  from t h e  phase diagram and t h e  behaviour of t h e  model 
compositions. 
t h e  ashes  and could account f o r  t h e  c r y s t a l l i s a t i o n  of a n o r t h i t e  on ly  f o r  t h e  two 
western type ashes.  
of i r o n  s p i n e l  a s  t h e  secondary phase f o r  t h e  e a s t e r n  t y p e  ash  a n a l y s i s  of t h e  

Planes of c o n s t a n t  FeO content  

The correspond- 

The system c o r r e c t l y  pred ic ted  t h e  p r i m a r y  c r y s t a l l i n e  phase f o r  a l l  

While i n i t i a l l y  t h e  system could not  p r e d i c t  t h e  c r y s t a l l i s a t i o n  
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Thus it w i l l  be of g r e a t  va lue  t o  be a b l e  t o  p red ic t  t o  some ex ten t  t h e  c r y s t a l -  
l i s a t i o n  behaviour of c o a l  a sh  me l t s .  For s i m p l i c i t y  i t  is i n i t i a l l y  necessary t o  
cons ider  t h a t  t he  c r y s t a l l i s a t i o n  w i l l  be from a homogeneous melt. The d a t a  ob- 
ta ined  can be extended t o  t h e  phenomena of b o i l e r  depos i t s  by us ing  an  accu ra t e  
model of v i s c o s i t y  of a sh  m e l t s  based on chemical composition. 
s tudy  presented here was t o  ob ta in  r e l evan t  c r y s t a l l i s a t i o n  da ta  of c o a l  ashes  and 
t o  model t he  behaviour so  as t o  be  a b l e  t o  p r e d i c t  t h e  d e v i t r i f i c a t i o n  of a given 
ash .  Coal a s h  is  usua l ly  descr ibed  as a mixture  of up t o  11 oxide components and 
though var ious  i n v e s t i g a t o r s  (1) have attempted t o  s impl i fy  t h e  system by us ing  
c e r t a i n  equivalences the  au tho r s  have chosen t o  use  t h e  major t h r e e  or  four  
components t o  model t h e  observed behaviour.  

The main aim of t he  

For eas t e rn  type  c o a l  a shes  t h e  major components a r e  s i l i c a ,  alumina, i r o n  oxide 
and l ime, whereas f o r  wes te rn  type  ashes  t h e  major components a r e  s i l i c a ,  alumina, lime 
and i r o n  oxide or magnesia. 
t o t a l  composition of t h e  a s h .  Sanyal and Williamson have shown t h a t  t h e  i n i t i a l  
c r y s t a l l i s a t i o n  of two wes tern  type  ashes  of low i r o n  oxide conten t  (5% or  l e s s )  
could be descr ibed  by the  normalised composition on t h e  t e rna ry  equi l ibr ium diagram 
of t h e  system CaC-Al203-Si02. The study presented  he re  has  extended t h e  inves t iga-  
t i o n  t o  the d e v i t r i f i c a t i o n  of e a s t e r n  type  a sh  a s  w e l l  a s  two western type ashes  
and t h e  c r y s t a l l i s a t i o n  of model compositions corresponding t o  t h e  normalised compo- 
s i t i o n s  of coa l  ashes.  The systems s tudied  were; CaO-Al203-Si02, CaO-MgO-Al203-Si02 
and Ca0-A1203-Si02-iron oxide ,  t o  a s c e r t a i n  which system or  systems govern t h e  be- 
haviour most adequately.  

In both cases  these  may comprise 90 w t %  o r  more of t he  

The c r y s t a l l i s a t i o n  of t h r e e  c o a l  ashes  (two western and one e a s t e r n  type) was 
determined under l abora to ry  cond i t ions  by fus ing  a sample i n  an e l e c t r i c  muff le  
furnace t o  achieve complete mel t ing  of t h e  c o a l  minera ls .  D e v i t r i f i c a t i o n  w a s  
induced by reducing t h e  tempera ture  t o  a g iven  l e v e l  and leaving  the  sample f o r  a 
given time. The sample w a s  then quenched, e f f e c t i v e l y  f r eez ing  t h e  phases present  
a t  t h e  e leva ted  tempera tures .  The sample was analysed by pe t rographic  microscopy 
and X-ray d i f f r a c t i o n .  The t rea tment  was repeated over a range of temperatures and 
t imes f o r  each sample. 

For the study of t he  c r y s t a l l i s a t i o n  of t he  model compositions f i v e  t e rna ry  
CaO, A1203 and Si02 compositions w e r e  chosen which were expected t o  exh ib i t  d i f f e r e n t  
behaviour (from the  cor responding  phase diagram) while being i n  t h e  compositional 
reg ion  r e l evan t  t o  c o a l  a shes .  
co r rec t  mixture of t h e  oxide  components. The c r y s t a l l i s a t i o n  of t h e  g l a s ses  was 
determined in an analagous manner t o  t h a t  used f o r  t h e  a sh  m e l t s .  The same f i v e  
compositions were used a s  t h e  b a s i s  f o r  t h e  s tudy  of t he  c r y s t a l l i s a t i o n  of t h e  
system CaO-MgO-Al203-SiO2. 
t e rna ry  compositions wi th  5 and 10 w t %  MgO respec t ive ly .  
t he  l i qu idus  and c r y s t a l l i s a t i o n  behaviour determined by a quenching technique. 

Homogenous g l a s ses  were produced by fus ing  t h e  

Two series of compositions were prepared based on the  
Glasses  were produced and 

A s  i ron  oxide e x i s t s  in two ox ida t ion  s t a t e s  ( f e r rous  and f e r r i c )  i n  p . f .  a s h  
depos i t s  it w a s  necessary t o  s tudy  t h e  c r y s t a l l i s a t i o n  of g l a s s e s  i n  t h e  system 
CaO-Al203-Si02-iron oxide i n  a con t ro l l ed  atmosphere; t he  same a s  t h a t  used i n  t h e  
reducing par t  of t he  s t anda rd  ash  fush ion  t e s t  i .e .  C02:Hz mix ture  1:l v/v.  
range of i ron  oxide con ten t  i n  c o a l  ashes i s  wider than  t h a t  of magnesia and hence 
g l a s s e s  were prepared wi th  up t o  20 w t Z  equiva len t  FeO. 
produced based on t h e  f i v e  t e rna ry  compositions wi th  5 and 10  w t %  equiva len t  FeO 
wi th  another two series of g l a s s e s  based on t h r e e  of t h e  f i v e  composition wi th  15  
and 2 0  w t X  equiva len t  FeO. The g l a s s e s  were ground t o  a f i n e  powder and each was 

The 

Two s e r i e s  of g l a s s e s  were 
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r e s u l t s  of t h e  model compositions ind ica ted  that f e r r i c  i ron  present  i n  t h e  l i q u i d  
phase reduced the  s o l u b i l i t y  of i r o n  oxide which could account f o r  t h e  behaviour.  

CONCLUSIONS 

Therefore t h e  system CaO-FeO-Al203-SiO2, governs t h e  i n i t i a l  c r y s t a l l i s a t i o n  of 

The 
t h e  a sh  melts s tud ied .  
c r y s t a l l i s a t i o n  of a sh  m e l t s  and r e l a t e  t h e  behaviour t o  b o i l e r  depos i t  growth. 
phases present  i n  s i x  b o i l e r  depos i t s  are compared wi th  t h a t  p red ic ted  from t h e  
corresponding normalised composition i n  the  p re sen ta t ion  and shows t h a t  f o r  a l l  
s i x  ( t h r e e  western and t h r e e  eas t e rn  type) t h e  qua ternary  system p r e d i c t s  t h e  primary 
phase. Furthermore the  change i n  composition of t h e  l i q u i d  phase f o r  two of t he  
ashes  (one s lagging  the  o the r  non-slagging) f o r  a range of degrees  of c r y s t a l l i s a t i o n  
shows a g r e a t  d i f f e rence  i n  terms of t h e  r e l a t i v e  concent ra t ion  of t h e  components 
which govern v i scos i ty .  While t h e  l i q u i d  phase f o r  t he  non-slagging a s h  became 
enriched predominantly i n  s i l i c a  ( the  major v i scos i ty - inc reas ing  component) t h e  
s lagging  ash  became enriched i n  v i s c o s i t y  reducing components. 
t o  t h e  model of depos i t  growth d iscussed  above and i s  a conf i rmat ion  of t h e  model. 

The major aim of t h i s  s tudy  was t o  be  a b l e  t o  p r e d i c t  t h e  

This  relates d i r e c t l y  

The r e s u l t s  of t he  s tudy  presented i n d i c a t e  the  use of phase e q u i l i b r i a  da t a  t o  
be phenomena of p . f .  b o i l e r  depos i t s  and t h e  poss ib l e  ex tens ion  t o  t h e  p red ic t ion  of 
b o i l e r  fou l ing  and s lagging .  

REFERENCES: 

1. 

2. 

3. 

4. 

5. 

6.  

7. 

8. 

9. 

Ba r re t t ,  E. P . ,  "The fus ion ,  flow and c l inke r ing  of c o a l  a sh .  A survey of t h e  
chemical background." Chemistry of Coal U t i l i z a t i o n ,  Ed. E. Lowry, Vol. 1, 
1945, Ch. 15 ,  pp 496-576. 

B r i t i s h  Standard 1016, P t .  15,  1970. "Methods f o r  t he  a n a l y s i s  of c o a l  and 
coke, F u s i b i l i t y  of c o a l  ash  and coke ash", pp 14. 

Kalmanovitch, D .  P., "Reactions i n  c o a l  ash  melts",  PhD Thes is ,  Univ. London 
1983. 

Lauf, R. J . ,  "cenospheres i n  f l y  a s h  and cond i t ions  favouring t h e i r  formation".  
Fue l ,  60, 1981, p. 1177-79.  

Padia, A. S., "The behaviour of a s h  i n  pulver i sed  coa l  under simulated combus- 
t i o n  condi t ions" .  D.Sc. Thes is ,  M . I . T . ,  1976. 

Raask, E . ,  "Flame imprinted c h a r a c t e r i s t i c s  of a sh  r e l evan t  t o  b o i l e r  s lagging ,  
cor ros ion ,  and erosion".  J. Eng. Power, 104, 1982, p. 858-66. 

Reid, W. T. ,  method given i n  " Inf luence  of c o a l  minera l  mat te r  on s lagging  of 
u t i l i t y  bo i l e r s " .  E . P . R . I .  r epo r t  736, 1981, p. D-1-4. 

Watt, J .  D. & Fereday, F. ,  "The flow p rope r t i e s  of s l a g s  formed from t h e  ashes  
of B r i t i s h  coa l s .  P t .  I. Viscos i ty  of homogeneous s l a g s  i n  r e l a t i o n  t o  s l a g  
composition". J. I n s t .  Fue l ,  c, 1969, p. 99-103. 

Winegartner, E. C .  "Coal fou l ing  and s lagging  parameters". A.S.M.E. Special  
publ ica t ion ,  1974. 

165 


